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DISCUSSION 


ASCE.—Agricultural workers and particularly those 
concerned with irrigation have been interested the movement water 
under the influence capillary forces. The conducted experiments 
with different soil types which water moved capillary action both verti- 
cally upward and downward different rates and determined the moisture 
distribution after uniform flow had been secured. These tests indicated that 
flow due surface tension took place only from zones higher moisture con- 
tent zones lower moisture content. The apparent exception the case 
downward flow high moisture contents and low rates flow only 
apparent because under these conditions the flow caused the gravitational 
force. the same way probable that the flow through distance z-a 
Fig. 6(a) due the head and that the straight part the total head 
curve Fig. should meet the line atmospheric pressure point rather 
than pass through the point distance below point 

Moisture content versus capillary tension curves soils determined the 
use porous plates, both tension and pressure, offer very accurate and 
complete data the water retaining capacities soils. These plates can 
also used give helpful information the drainage characteristics soil. 


incorrect concepts capillarity soils have been 
clarified this paper. The three classes problems involving capillarity 
soils, described the author, show the desirability adopting some drainage 
testing apparatus standard laboratory equipment. this discussion, the 
writer will emphasize the significance the moisture distribution curve 
capillary water connection with unsteady seepage problems. The writer 
approves the idea making test determining the moisture distribution 
capillary water standard laboratory procedure. 

Capillary water may regarded principally zone partial saturation. 
Except very uniform soils, the so-called zone capillary saturation gener- 
ally much smaller than the zone partial From drainage obser- 
vations rather uniform dune sand, the writer found that moisture dis- 
tribution curve yields zone complete saturation, equal and 
zone partial saturation, equal The three-zone concept 

paper William Lambe was published February, 1950, Proceedings-Separate 
No. The numbering footnotes, equations, and illustrations this Separate continuation the 
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proposed Karl Hon. has the disadvantage that offers 
idea the relative value these two zones. Sometimes too much emphasis 
has been given the zone complete saturation and relatively little emphasis 
has been given the zone partial saturation. 

unsteady state, the zone partial capillary saturation may become 
greatly extended, shown the capillary tube analogy for the drainage 
process used the author. 

applying Poiseuille’s law the case shown Fig. 12, 


which and are the cross-sectional areas the large and the small tube, 
respectively; and are the radii the large and the small tube, respectively; 
the gradient above the line saturation; and 


(15) 
Expressions for the gradients are 
and 
Therefore, 
Since 
follows that 


from which 


which represents the height the zone partial capillary saturation. 
One simple example will demonstrate the expansion the zone partial 
saturation during drainage. the pressure the bottom the tubes kept 


Soil Karl Terzaghi, Wiley Sons, Inc., New York, Y., 1944. 


| 


SWE-TZE CAPILLARY PHENOMENA 


a= her + Reo 


Eq. 22, 
and 


The zone semicontinuous water spreads until occupies 77% the height 
the tubes during drainage, whereas static state occupied only one 
hundredth the height the tubes. Therefore, its influence may small 
under static conditions but considerable under unsteady conditions. 

Soils may visualized system tubes many sizes. the moisture 
distribution can regarded representing the distribution the tube sizes, 
the moisture distribution curve will have great influence the flowing condi- 
tion unsteady state. The writer has considered this factor studying 
some unsteady seepage problems, treating the rate the quantity flow and 
the rate pressure variation separately. 

fact, result rainfall ground-water movement, the moisture 
soils often unsteady state. explain the effect capillarity more 
accurately such cases, the moisture distribution curve seems indispensable. 
Therefore, the adoption test determining the moisture distribution curve, 
especially the curve representing conditions after drainage, 
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The capillary potential theory also shows the importance the moisture dis- 
tribution curve. mositure distribution curve with significant turning points 
will define the capillary water better than the three-zone concept. 

The shape the moisture distribution curve will vary with time, but 
decreasingly slow rate. seems reasonable specify some standard periods 
drainage for different soils, accordance with the permeability the soils. 


ASCE.—The highway airport engineer usually 
builds pavements (or, more accurately, surfaces’’) artificially com- 
pacted bases and subgrades. Compaction supposed done the opti- 
mum moisture content and maximum density the earth material (or 
certain high percentage that maximum density, such 90%). Measurements 
the moisture content that densified earth mass certain time after the 
construction the pavement, however, show that general case the actual 
moisture content differs from that used during construction, either the 
positive side the negative side. Moreover, measurements the moisture 
content the subgrade have disclosed fluctuations from month month, 
sometimes with occasional 100% Failures pavements re- 
sulting from the accumulation moisture under the riding surfaces have been 
reported; and this makes the study the movement moisture 
under the riding surfaces vital importance. 

Moisture can reach the space under riding surface (a) through the joints, 
from meteoric water; (b) from the water table the form rise 
water water vapor, both; and (c) from the edges the pavement, 
horizontal motion (capillary movement motion resulting from head) 
meteoric other moisture accumulated there. Previous works capillarity 
civil engineers (as the author this paper rightly states) were mostly con- 


cerned with obtaining statistical data the capillary motion water differ- 


ent soils. addition the investigators were dealing mostly with vertical 
capillary motion and they neglected the horizontal. practice, however, 
horizontal motion water from the edges the pavement (item (c)) perhaps 
more important than the vertical capillary rise from the water table (item 
contrast, Mr. Lambe deals extensively with horizontal capillary motion and 
intends explain the fundamentals capillarity, theoretical manner that 
decidedly its advantage. especially interesting and important feature 
this work the measurement pore pressures. 

brief characterization this paper were required the writer would de- 
scribe excellent treatise the geometric aspect capillarity. the 
other hand, some additional clarification the physical aspect the phenom- 
enon would welcomed designers highway and airfield pavements. 
Without any doubt, water moving above the elevation which pressure 
water just atmospheric tension. Mr. Lambe assumes that this tension 
caused the negative head uniformly distributed cross section the 


Cons. Engr., San Francisco, Calif. 


Moisture Contents and Densities Soil Type Bases and Their 
Highway Research Board, National Research Council, Washington, C., Vol. 28, 
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tube, can concluded from his 1948. Some further treatment 
the forces causing this head would interest. Mr. Lambe assumes the 
existence motion idealized fluid within mass, the physical properties 
which are not considered. This indeed was difficult since only one soil was 
tested, and apparently always the same porosity. first glance, the hori- 
zontal capillary test seems exceedingly simple. Technically, however, 
really quite difficult and some experimental details would very interesting. 

Degree who experiment the field capillarity 
have never thought that the capillary moisture fills all the pores given soil— 
that is, that the average degree capillary saturation 100%. They believed 
(and this perfectly correct) that, vertical tube filled with soil (prevented 
from falling out) just touches free water level, the degree saturation that 


29.90 


Barometric 
pressure 
(inches 
Temperature 
King’s River sand 
moisture 
the tube 
(grams) 


July, 1949 August, 1949 


plane 100% and decreases toward the top the tube. was always under- 
stood experimenters that the average degree saturation experimental 
tube simply cannot 100%. Fig. shows that the degree saturation the 
given series tests was less than 80%, with value 0.745 for the case 
the summer 1949 the writer performed numerous experiments 
the horizontal capillarity Ottawa sand and two kinds California sands.?° 
One the California sands passed entirely through sieve No. 200 (Kings River 
sand) whereas the other contained about 76% medium sand (minimum size 
0.1 mm) 18% fine sand (0.05 mm), and silt size particles (Antioch sand). 
The tubes used the writer were glass tubes in. diameter, and 

Measurement Pore Water Pressures Cohesionless William Lambe, Pro- 
International Conference Soil Mechanics and Foundation Eng. Rotterdam, 1948, ol. Vil, 


Capillary Phenomena Sandy Krynine, Proceedings, Highway Research 
‘Board, National Research Council, Washington, C., Vol. 29, 1949. 
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Inno case, that series tests, was the average degree saturation 
100%, but was very close that value horizontal capillarity tests the 
Ottawa sand. the two California sands the average degree saturation 
both vertical and horizontal capillary tests Kings River sand was close 
83%. This value held also for the horizontal test Antioch sand. The 
average degree saturation for vertical tests Antioch sands was about 77%. 

Fig. shows the effect” vertical capillarity. two special 
vertical capillarity tests the writer, the degree saturation was determined 
soon the wetted line reached the top the soil column, and afterward was 
under observation for days, the lower end the tube being kept contact 
with free water level. After the wetted line reached the top the soil 
column, the volume moisture within the tube increased maximum the 
same day; then dropped down, and afterward fluctuated about certain aver- 
age. The values the degree saturation (percentages) observed these 
tests were: 


Description Kings River sand Antioch sand 
the maximum saturation.............. 


Condensation Phenomena Capillary Tests—Let the end the experi- 
mental tube, where the water enters, called “origin The opposite 
end will conventionally termed 

Since the degree saturation the soil test tube less than 100%, 
there air the interstices. Soil scientists state that the relative humidity 
the soil air is, that fully saturated with water vapor. Hence, 

drop temperature the ambient air should 

cause condensation that really occurs such 

Soil Water cases the inner side the tube wall. 
the tests the writer was condensation ob- 
next the origin flow (Fig. 19). The 
Condensation writer’s explanation that there air the 
Fic. next the origin flow; other words, 
may 100% the corresponding sections 

the tube. Referring Fig. 19, the absence condensation the exit end 
the tube explained the easy escape excess moisture into the ambient air. 

Air, Entrapped and water enters the test tube gradually dis- 
places the air from the pores. Since, however, the degree saturation the 
material the tube always less than 100%, follows that the capillary 
water just cannot displace all air. The writer’s point view that sand 
grains are able develop and retain their surfaces films certain thick- 
ness only, leaving some air between the grains (Fig. 20). Such situation 
also known “funicular Since the motion the capillary 
moisture slow, may assumed that, the air-moisture interfaces, pressures 
the air and the moisture are the same. the parts the test tube close 


des Verluys, Internationale Mittelungen Bodenkunde, Vol. 1917, 
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the origin flow where the degree saturation high, the air entrapped 
the form bubbles. the capillary moisture moves, pressure each cross 
section the tube gradually increases (Fig. hence, the volume the bubbles 
entrapped air decreases, with the corresponding gradual increase the 
degree saturation. 

Again, simple examination the curves Fig. shows that pressure 
water decreases from the origin flow toward the exit end the test tube; 
hence, the degree saturation test tube also decreases 
the same direction and such thing uniform degree Moisture 
saturation does not exist. Incidentally, the curves 
Fig. explain, perfectly clear way, why the velocity 
capillary movement gradually slows down the capil- 
lary process progresses. They also suggest certain 
similarity between the capillary flow tube and the 
radial (or two-dimensional) flow ground water 
sump both these cases large part 
the head lost when the stream approaches free air. 

The physical condition the air the head the 
moving capillary stream not very clear. Obviously, 
this air not entrapped there. the air-moisture interfaces, however, air 
should tension the head cross section uniform. This difficult 
visualize, and question arises whether the hypothesis uniformity 
pressure head cross section really holds. 

Speed Capillary Motion.—As stated the author, Eq. 13, developed 
determine the elapsed times for various stages capillary rise, may yield 
values that are many times too small. detailed study this formula has 
been made the Army For sandy material with about 
silt, the theoretical time rise height 0.22 day, the actually 
observed time being days (ratio times). Observations capillary rise 
silty Philip Keene, Assoc. ASCE, have shown that Eq. 
little value the determination capillary rise This formula 
given, however, few authoritative textbooks soil mechanics and other 
fundamental The inadequacy Eq. cannot too strongly 
emphasized. 

Interfacial Curvature-Saturation Function.—Capillary rise and drainage 
soils have also attracted the attention agricultural soil scientists and petro- 
leum engineers and scientists. Among the latter, considerable contributions 
this field have been made Leverett who has presented the curves for 
drainage and vertical capillary movement (capillary rise). 
Mr. Leverett’s experimental two clayey sands are very close the 


Royal Soc., Vol. 11, 1908, pp. 295-316 


‘Fundamentals Soil Taylor, John Wiley Sons, Inc., New York, Y., 
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Highway Research Board, National earch Council, Washington, Vol. 26, 1946, 460. 


1944, Practice the Connecticut Highway Department,” Philip Keene, ibid., Vol. 24, 
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the Earth,’’ Vol. IX, McGraw-Hill Book Co., Inc., New York, Y., 1942, 344. 


‘‘Capillary Behavior Porous Solids,” Leverett, Transactions, Am. Inst. Mining and 
Metallurgical Engrs., Vol. 142, 1941, 161, Figs. and 


7-41 | 


KRYNINE CAPILLARY PHENOMENA 


curves Fig. 17, whereas for four clean sands found very little saturation 
the upper part the tube. Both Mr. Lambe and Mr. Leverett plot the degree 
saturation horizontally; whereas, the vertical plot instead the height 
(Fig. 17), Mr. Leverett uses dimensionless value proportional h—namely, 
the mean interfacial curvature the given sand multiplied factor depending 
the permeability and porosity that sand. The analytical approach the 
determination the curvature-saturation function has also been presented 

Capillary Heads and Capillary ably, Mr. Lambe proves the 
existence various characteristic points the curves Fig. controlling 
the lengths some vertical distances (with various subscripts), which 
terms Although the writer recognizes the five heads given the 
believes that their introduction into engineering practice may 
possibly create even more confusion than before. Another objection against 
all these heads, shown Fig. 17, that they refer vertical capillary rise 
and may may not the same value for horizontal oblique motion. 

What really needed practice test which will give even approximate 
answers the questions capillarity that highway airport engineer faces 
all the time; for instance— 


(a) subgrade has been compacted certain moisture content, say, 10%. 
What will its moisture content years hence? 

water table very shallow—that is, close the Isit dangerous 
not, for given embankment material? Perhaps, some other earth material 
for the embankment would better? 

(c) There possibility lowering the water table system ditches. 
How deep should these ditches be? Does this depth depend the type and 
material the structure, and, so, how? 

(d) There danger considerable accumulation moisture the edges 
the pavement. What kind material should used for the base and subbase 
—pervious impervious material? 


The writer believes that, before devising standard capillary test tests, 
all such questions should given due attention. far there good 
capillary test, and there great need for one. 

The writer decidedly unfavorable the author’s suggested use the 
term instead “capillary The term hydrau- 
lics and allied fields means column water certain height; and mea- 
sured units length. The term generally means the action process 
rising, as, for instance, sunrise. terms “‘head” and belong 
two different classes words. Apparently, what the author means 


Busang, Physics, July, 1931, pp. 18-26. 
Flow Through Ideal Uniform Smith, September, 1932, pp. 139- 


Capillary Rise Ideal Uniform Smith, ibid., May, 1933, pp. 184-193. 

Final Distribution Retained Liquid Ideal Uniform Soil,” Smith, ibid., Decem- 
ber, 1933, pp. 425-438. 

Mechanics Engineering Practice,’’ Terzaghi and Peck, John Wiley Sons, Inc., 
New York, Y., 1948, XII. 
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the term should used only mean the vertical capillary 
movement. The latter term (“capillary more general than 

Conclusion.—This discussion not meant detract from the high value 
Mr. Lambe’s work. curves can speak, the curves Fig. are eloquent 
the sense that they offer much material for thought the engineer who 
willing question them. 


Jun. ASCE.—A suggestion made Mr. Lewis 
that the pressure the left point Fig. 6(b) should greater than 
atmospheric pressure. The comparison used arrive this suggestion does 
not appear valid one. test data prove the presence pres- 
sures less than atmospheric the straight line part the total head curve— 
that is, line Fig. 

The writer appreciates Mr. Swe-tze’s emphasizing that the zone partial 
saturation larger unsteady flow than static condition. This point 
illustrated Fig. where one can see that increases from initial 
value zero maximum and finally returns Mr. Swe-tze 
also favor test that determines the moisture distribution curve after 
drainage. 

The writer grateful Mr. Krynine for giving experimental data and 
theoretical explanations concerning capillary flow. Mr. Krynine correct 
putting more emphasis the inadequacy Eq. 13. 

Although single laboratory test that would answer all the questions the 
highway airport engineer certainly desirable, its development appears 
unlikely. good standard test would value comparing various soils; 
and would give the engineer some help his particular problem. 

The writer does not consider that Mr. Krynine’s second objection Fig. 
the contrary, feels that the heads shown Fig. are funda- 
mental values dependent the size the meniscus the air-water interface. 
The direction motion important only that influences the selection 
the effective meniscus. The heads Fig. were determined from drainage 
and hea), capillary rise and and horizontal flow 

conclusion the writer thanks the discussers for increasing the value 
his paper. 

Asst. Prof. Soil Mechanics, Massachusetts Inst. Technology, Cambridge, Mass. 
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